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ABSTRACT 
This paper presents an extended progressive collapse 
methodology, which has been developed to predict the 
strength behaviour of lightweight hull structures under 
primary bending moment and accounts for compartment 
level, gross panel buckling effects. The approach is based 
upon the principles of the conventional progressive collapse 
method, which has been shown as a capable measure of 
ultimate strength when applied to steel ships, where a 
fundamental premise is that buckling forms interframe. The 
proposed method extends the progressive collapse by 
removing this assumption and including overall gross panel 
buckling effects in the determination of girder strength 
The nonlinear finite element method (FEM) can also be 
utilised to predict hull girder progressive collapse and, 
provided computation time is acceptable, will predict 
collapse modes over an entire compartment. However, to 
generate realistic results, the finite element model must 
include explicit characterisation of the material and 
geometric imperfections inherent in the structure.  
A series of analyses on an aluminium box girder structure, 
with scantlings typical of large, lightweight vessel, are used 
to compare the method with nonlinear FEM and the 
conventional progressive collapse method. The resulting 
bending moment – curvature plots are compared and the 
influence of the various collapse modes observed in the 
structure are discussed.  
KEY WORDS 
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1.0 INTRODUCTION 
The high speed craft industry has seen increasing demand 
from commercial and naval sectors for the development of 
large lightweight vessels. This is exemplified by recent new 
builds, including the Independence class Littoral Combat 
Ship (LCS), constructed for the US Navy. With a length of 
127m, she is currently one of the world’s largest high speed 
aluminium multihulls, and has deep ocean operability.  
Lightweight vessels often require first principle design 
approaches to ensure adequate structural strength, properly 
taking into account the material properties and the influence 
of different failure modes of the hull structure. A critical 
measure of the hull strength is its capacity under primary 
bending moments. For a monohull the longitudinal wave 
bending moment dominates. Multihulls may have a more 
complex pattern of longitudinal and transverse components.  
Within this context, the following summarises the 
application of several numerical methods to predict the 
response of a longitudinally stiffened hull girder placed 
under progressively increasing primary bending moment. 
This study addresses progressive longitudinal bending only.  
The methods are compared using analyses of a lightweight, 
aluminium box girder structure. The girder is stiffened with 
several different arrangements, which are typical of 
scantlings used on high speed ships.  
2.0 METHODS TO PREDICT PRIMARY BENDING 
RESPONSE 
There are several numerical methods currently available to 
predict the primary bending response of a hull girder. This 
paper reviews two established approaches: the simplified 
progressive collapse approach and a nonlinear finite element 
method. An extended progressive collapse approach is then 
described. 
2.1 The Progressive Collapse Method 
2.1.1 Background 
Simplified methods to predict the global strength of a hull 
girder were initially developed for steel naval ships and 
have since been utilised for various types of large merchant 
vessels. The progressive collapse method (Smith 1977) and 
idealised structural unit method (ISUM) (Ueda and Rashed 
1991) are perhaps the most well recognized methods in the 
marine field. Both use a similar conceptual approach in 
predicting hull girder strength. This study refers to Smith’s 
progressive collapse method but the approach is valid for 
adaptation for use in ISUM.  
A complete description of Smith’s method can be found in 
several papers (Smith 1977; Rutherford and Caldwell 1990; 
Gordo and Guedes Soares 1996; Dow 1997).  
Overall hull girder bending is resisted by the continuous 
longitudinal structure running through the main body of a 
ship. This normally comprises the longitudinal stiffeners 
and plating making up the side shell and decks of the hull.  
With the assumption that curvature is relatively small and 
thus plane sections remain plane, overall bending imparts in 
plane forces on the longitudinal structure. The structure may 
also be subjected to transverse in plane loads and local 
bending arising from lateral pressure loads, although these 
are not considered in the present paper.  
In a progressive collapse analysis an interframe hull girder 
cross section, usually at or near amidships, is divided into 
elements which are small enough to assume the in plane 
force is uniform over the element cross section. Usually 
plate-stiffener combination (PSC) elements are sufficient, 
which comprise a single longitudinal stiffener, with attached 
plating of half the stiffener spacing each side.  
In the standard progressive collapse approach, the PSC load 
shortening curves are derived assuming the element 
buckling behaviour is interframe. Furthermore, the PSCs are 
assumed to act independently from adjacent structure, and 
thus the load shortening curve can be derived using 
appropriate simplified or numerical approaches such as 
parametric data curves, beam column analysis or component 
finite element analysis.  Failure of the hull girder under 
primary bending occurs by interframe failure of these 
elements; thus the transverse frames are assumed to be 
sufficiently strong to act as boundary supports. 
2.1.2 Procedure 
The Smith method follows a relatively straightforward 
incremental procedure: 
1. A cross section of the girder is selected. For a ship this is 
usually at or near amidships, where the maximum 
bending moments usually occur; 
2. The cross section is divided into small elements; 
3. Each element is assigned a “load shortening” curve, 
describing the behaviour of the element under 
incremental compression/tension. The load shortening 
curve may implicitly include other load effects; 
4. The initial position of the cross section neutral axis is 
calculated; 
5. Incremental vertical curvature is applied about the 
instantaneous neutral axis. At each increment of 
curvature: 
a. The incremental strain of each element is calculated 
assuming the cross section remains plane; 
b. Element incremental stresses are derived from the 
slope of the load shortening curve; 
c. Stresses are integrated over the cross section to 
obtain bending moment increments; 
d. The position of the neutral axis is adjusted to account 
for the loss of stiffness over areas of the hull 
exhibiting high compressive strains. 
6. Incremental moments and curvatures are summed to 
obtain total cumulative values. 
2.1.3 Fundamental Equations 
A summary of the method following the calculation 
procedure proposed by Dow (1997) is presented, which 
deals with biaxial bending and unsymmetrical sections.  
This approach is coded in the program NS94. 
Incremental bending moments (∆MH, ∆MV) are related to 
incremental curvature (∆φH, ∆φV) using the tangent rigidities 
of the cross section (DH, DV, DHV). The relationship between 
bending moment and curvature is split into vertical and 
horizontal components and is described as: 
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The above formulation is suitable for calculating 
incremental bending moment for fixed increments of 
curvature. The method can be used directly to calculate 
bending moment well into the post collapse region. 
However, this approach is not always suitable for biaxial 
bending moment problems, as the proportion of horizontal 
and vertical bending moments are unconstrained and will 
not necessarily follow the prescribed ratio of curvatures.  
Therefore the equations can be rearranged to calculate 
curvature over fixed increments of bending moment: 
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DH, DV and DHV describe the instantaneous inertia of the 
cross section including the effects of the tangent stiffness of 
each element: 
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These equations assume that each element is relatively small 
and therefore its own inertia can be neglected. yi and zi are 
the component distances of the element centroid from the 
vertical and horizontal instantaneous neutral axis.  
To derive the tangent modulus (E,i) of each element, the 
strain in each element is first calculated incrementally as: 
 iViHi zy φφε ∆+∆=∆  (6) 
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The instantaneous stress (σi) and tangent modulus is then 
derived from the load shortening curve using appropriate 
interpolation methods (see Fig. 1).  
The tangent modulus is also used to determine the shift in 
the instantaneous neutral axis. In the first increment the 
elastic neutral axes of the cross section are used to define 
the initial curvature axes. In subsequent steps the method 
assumes that incremental bending moment/curvature occurs 
about instantaneous neutral axes, which are a function of the 
instantaneous tangent stiffness and area of each element. 
Thus as the stiffness of elements change, the position of the 
axes shift according to the following formulae: 
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Fig. 1. Example element load shortening curve. 
 
2.1.4 Element Load Shortening Curves 
A typical load shortening curve is shown in Fig. 1. Strictly 
speaking, the graph shows a normalised relationship 
between average stress across the panel cross section and 
the strain in the longitudinal direction. However, to keep 
with current conventions and to clearly differentiate from 
descriptions of material properties, the plots are referred to 
as load shortening curves. 
It is critical to define representative load shortening curves 
for the elements in the progressive collapse method. The 
curve must therefore be derived using an appropriate 
methodology.  
For example, NS94 has options to utilise a parametric 
database of load shortening curves, which have been derived 
using a combination of physical test results and beam 
column finite element analyses. Alternatively, element load 
shortening curves can be derived using empirical 
approaches (Wang 2005; Gordo and Guedes Soares 1996), 
analytical methods (Hughes et al. 2005) or by the nonlinear 
finite element method (FEM) (Smith 1991).  
The common assumption for of all these approaches is that 
the panel fails interframe. The results of a previous 
published study by the authors (Benson et al. 2009) and 
expanded upon in this paper show that a stiffened panel with 
proportions typical of a high speed vessel cannot always be 
assumed to fail interframe. Instead, overall buckling modes 
involving the orthogonal stiffening over an entire 
compartment have a debilitating effect on the load 
shortening relationship.  
 
2.2 Nonlinear Finite Element Method 
Nonlinear FEM is now a viable option for hull girder 
strength assessment and is capable of compartment level 
analysis (Kippenes et al. 2010). However, from a design 
perspective, FEM requires detailed knowledge of the 
geometric distortions, heat affected zones and residual 
stresses which are present in the as built structure. These are 
not often well defined even after the vessel has been built. 
The imperfections inherently vary, and must therefore be 
modelled by statistical representations. The structure may be 
sensitive to the magnitude and distribution of the 
imperfection, and thus the results from the analysis must be 
treated with caution.  
Furthermore, from an analysis perspective, FEM requires 
considerable computer time both in setting up and solving 
the discrete model. Elements must be sized sufficiently 
small to represent the local structure including stiffeners and 
plating adequately. For aluminium panels this also includes 
the heat affected zone adjacent to welded joints. The 
element mesh for an entire hull girder is therefore large. 
Methods to introduce residual stresses and geometric 
distortions often need to be applied external to the FEM 
software, adding a further layer of complexity to the setup 
process. 
A rigorous FEM approach has been developed to facilitate 
modelling of these various complexities. This enables 
efficient setup of orthogonally stiffened hull structure 
meshes, including complete representations of residual 
stress, HAZ and geometric imperfections. The modelling 
approach is equally applicable to flat stiffened panels or 
whole girder sections. A general purpose procedure, using 
both internal Abaqus scripts and external computer code, 
has been developed to automate much of the process. The 
code is developed specifically for use with Abaqus, but is 
likely to be adaptable for use with other programs. 
The fundamental premise of the approach is that an 
orthogonal stiffened panel is a collection of separate plate 
and stiffener components, which are combined together 
using Cartesian coordinate translation to form the complete 
geometry. Essentially, this means that a structure of 
arbitrary size is built out of basic “building blocks”.  
The concept has been applied practically in Abaqus and is 
used to construct all the FEM models presented in this 
paper. By first defining a series of simple plate and stiffener 
building blocks, an FEM model of arbitrary extents is 
automatically built up by arranging the components using 
Cartesian translation and rotation. To aid fast geometry 
modelling the process is automated using the Abaqus script 
interface, which works with a text based datafile containing 
all the parameters to define the structural geometry.  
Once arranged in the FEM assembly, the components are 
merged into a single geometric model. The merged model is 
then meshed as a single entity, but the individual properties 
of each component are kept.  Furthermore, by utilising the 
“Sets” feature in Abaqus, the nodes within each component 
can continue to be traced after the complete model has been 
merged and meshed. This allows control of geometric 
imperfection of each component in the complete model, 
taking information from the model input file and applying 
node translation equations appropriately.  
Imperfection is applied using standard Fourier series 
patterns, which is a commonly used way to superimpose 
various mode shapes into the structure. The imperfection of 
the nodes within each element, j, are defined using a local 
coordinate system with the axes set as shown in Fig. 2. Once 
the imperfection translation is calculated the node position 
is transferred back to global coordinates.  
 
Fig. 2. Panel Coordinate System 
 
Fig. 3. Panel Dimensions 
The plate imperfection function, wpl, is defined as: 
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where the panel dimensions are as defined in Fig. 2 and 
wopl,j is the maximum imperfection amplitude of the jth plate 
element, which can be defined using appropriate statistical 
formulae such as are proposed by Smith (1991).  
The stiffener side deflection, vs, is a function of the stiffener 
height and is also a Fourier series pattern using the 
maximum amplitude vos.  
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A column deflection, wc, is imposed describing the out of 
plane imperfection of whole interframe panels. This is 
applied to all nodes in the panel, which is likely to include 
multiple plate and stiffener elements, as the deflection 
propagates throughout the panel width. The choice of panel 
extents, which also defines the panel width (B), needs to be 
carefully considered; boundaries are usually either corner 
points (such as the side shell – deck interface) or deep 
longitudinal girders. The deflection follows a Fourier series 
sine wave shape with zero amplitude at each frame position: 
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Longitudinal residual stress and HAZ are also modelled for 
each plate and stiffener with an idealised distribution as 
shown in Fig. 4. The residual stress magnitudes or zone 
widths are calculated to ensure equilibration across the 
panel cross section. HAZ is modelled if the panel is 
constructed from aluminium. The HAZ width is assumed 
equal to the residual stress width and is normally taken to be 
25mm, which is typical for ship fabrications.  
The aluminium material model is defined using a Ramberg 
Osgood stress-strain relationship. A 5083-H116 alloy is 
assumed, with a 0.2% proof stress (σ0) of 215MPa and 
Young’s modulus (E) of 70GPa. The softened material in 
the HAZ has a reduced proof stress of 145MPa.  
 
Fig. 4. Residual Stress and HAZ distribution 
2.3 The Extended Progressive Collapse 
Method 
The interframe progressive collapse method has been 
demonstrated as a capable measure of ultimate strength 
when applied to conventional ships constructed from steel. 
However, as has been discussed previously, the collapse 
characteristics of a lightweight structure are not necessarily 
equivalent to conventional steel ships and may include 
compartment level buckling modes. Furthermore, the 
characteristics of aluminium differ from steel in a number of 
important ways.   
Therefore, an extended progressive collapse method is 
proposed to account for both interframe and overall 
buckling modes. The method is a compartment level 
approach, being applicable to predicting the strength of a 
girder between bulkheads or other discontinuous transverse 
structure.  
The approach follows the same overall principles and 
calculation procedure as the original progressive collapse 
method. The approach keeps the assumption that plane 
sections remain plane once curvature is applied. This is 
valid as long as curvature continues to be small relative to 
the total compartment length. This means that elements are 
still assumed to resist incrementally increasing in-plane 
loading due to the imposed curvature.  
Elements are still subdivided into small components, usually 
PSCs, using the same approach as the standard method. 
However, the assumption that elements act independently 
from adjacent structure is removed.  Furthermore the 
element length stretches over the entire compartment rather 
than interframe. Thus the approach differs in the way the 
load shortening curves are derived and then implemented in 
the calculations.  
The elements are grouped into “panel sets” which defines 
the overall extents of orthogonal stiffened panels (usually 
flat panels) within the structure. The choice of panel extents 
is usually dictated by the form of the overall girder 
geometry, and follows a similar process as used to define 
column stiffness in a FEM panel model (see previous 
section). For example, a deck panel may run the entire width 
of the ship, or the panel may be intersected by deep 
longitudinal frames or longitudinal bulkheads, thus creating 
several panel sets with reduced width. The panel length is 
usually equal to the compartment length between bulkheads.  
The definition of each element’s load shortening curve is a 
function of the behaviour of the entire orthogonal panel. 
This is derived utilising a semi analytical approach 
developed by the authors (Benson 2010), which uses an 
orthotropic plate approach to derive a load shortening curve. 
The method has been shown to produce good correlation 
with equivalent FEM analyses of orthogonal panels.  
Further applications of the semi analytical approach are 
presented in the next section of this paper.  
3.0 CASE STUDY – BOX GIRDER 
3.1 Introduction 
The Smith progressive collapse method (PColl-I), extended 
progressive collapse method (PColl-O) and nonlinear FEM 
analyses are compared using a case study box girder with 
properties typical of a large aluminium vessel. The 
dimensions are consistent with the types of arrangement 
used in other studies investigating ship type aluminium 
structures (Kramer 2005).  
The box girder is stiffened with longitudinals defined in 
Table 1. These are combined with three transverse frame 
sizes to build the complete orthogonal panel, which are 
defined in Table 2.  
The slenderness ratios β and λ are defined conventionally: 
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where k is the radius of gyration of the cross section.  
The overall box girder is square in cross section with a side 
length of 8.4m, thus it is stiffened by 20 longitudinals on 
each side. The compartment length is set at 7 frame spaces, 
which is sufficient to show compartment level buckling 
characteristics. 
Table 1. Transverse Dimensions. 
Dataset ID 
hw 
(mm) 
tw 
(mm) 
bf 
(mm) 
tf 
(mm) 
T1 180 10 0 0 
T2 360 10 0 0 
T3 360 10 100 15 
 
3.2 PSC Load Shortening Curves 
In addition to its overall panel capabilities, the semi 
analytical method can be used to produce interframe PSC 
load shortening curves. These are compared to equivalent 
FEM ½ + ½ bay PSC analyses, the setup of which is 
described fully by Benson et al. (2009).  
In addition, the curves are compared to the simple bilinear 
dataset used in the NS94 program. This dataset is ostensibly 
for steel panels, but by adjusting the slenderness ratios of 
the panel appropriately they can also be used to give an 
approximation of an aluminium PSC. 
The curves show close correlation. An example for panel 
M1 and M4 are shown in Fig. 5 and summary results for the 
ultimate strength predictions for all cases (i.e. the curve 
peak value) are given in Table 3. For the cases shown, the 
general shape of the semi analytical curve matches closely 
to the FEM result. This is typical of all panels summarised 
in Table 3. All show very similar ultimate strength 
prediction. The steep unloading portion of the curve is 
indicative of a beam column type collapse, where plating 
and stiffeners fail as a single unit. A shallow curve in the 
peak region shows that collapse is driven by local failure of 
either the plating or the stiffeners.  
The results demonstrate the suitability of the semi analytical 
method for producing load shortening curves for input into a 
conventional progressive collapse analysis.  
 
Table 2. Longitudinal Dimensions. 
Dataset ID a (mm) 
b 
(mm) 
tp 
(mm) 
hw 
(mm) 
tw 
(mm) 
bf 
(mm) 
tf 
(mm) 
λ 
(mm) 
β 
(mm) As/A 
M1 1200 400 14.8 120 5.5 55 7.7 0.62 1.5 0.15 
M2 1200 400 11.1 120 5.5 55 7.7 0.56 2.0 0.15 
M3 1200 400 8.9 120 5.5 55 7.7 0.53 2.5 0.15 
M4 1200 400 7.4 120 5.5 55 7.7 0.50 3.0 0.15 
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Fig. 5. PSC Load Shortening Curve for Panel M1 and M4 
Table 3. PSC Results. 
Dataset ID Abaqus Semi-Analytical 
NS94 
Dataset 
M1 0.77 0.77 0.78 
M2 0.73 0.72 0.73 
M3 0.60 0.59 0.63 
M4 0.56 0.54 0.54 
 
3.3 Multi Bay Panel Load Shortening Curves 
To demonstrate the application of the semi analytical 
method for a multi stiffened panel, a series of multi bay 
panel analyses are presented, with the panels sized to 
represent one side of the box girder. 
The FEM analyses use a quarter panel representation with 
boundary conditions set as shown in Fig. 5.  The end bay 
lengths are reduced to half the frame spacing to ensure 
buckling nucleation in the central region and to minimise 
end boundary effects.  
 
Fig. 6. Box Girder Overall Dimensions 
Ultimate strength results, showing the predicted curve peak 
position, are given in Table 4. Results are compared using a 
measure of bias, which is the FEM result divided by the 
semi analytical result. 
The FEM and semi analytical results show good correlation. 
Furthermore, and more importantly in context to the subject 
of this paper, the results show that overall collapse modes 
cause a significant reduction in the overall strength of the 
panel. The example plots for panel M1 clearly demonstrate 
this effect. With the light transverse T1, the panel forms an 
overall collapse mode (Fig. 7). With the transverse height 
doubled the collapse still has a reduced strength due to gross 
panel buckling effects but the influence is much reduced 
(Fig. 8). The FEM displacement plots highlight the change 
in collapse mode shape.  
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Fig. 7. Panel Load Shortening Curves for M1-T1 
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Fig. 8. Panel Load Shortening Curves for M1-T2 
The results demonstrate that the influence of the overall 
collapse mode is increased when the transverse frame size is 
decreased or when the longitudinal cross section is 
strengthened (usually by decreasing either β or λ). When the 
longitudinal strength is increased, for example by increasing 
the plate thickness, the comparative size of the transverse 
frame is effectively reduced. This has the effect of 
increasing the interframe collapse strength whilst decreasing 
the relative overall collapse strength.  
This is a significant result when considering the structure of 
a high speed vessel, where longitudinals are often closely 
spaced, creating a fairly dense panel with low plate 
slenderness. Further results as summarised in Table 4 also 
show that aluminium panels with the qualities described 
above have significantly greater susceptibility to overall 
collapse than equivalently dimensioned steel panels. 
Table 4. Multi Bay Panel Ultimate Strength Results (values 
in brackets show percentage of equivalent PSC strength). 
ID Frame Size Abaqus 
Semi-
Analytical Bias 
M1 
T1 0.41 (53%) 0.46 (59%) 0.89 
T2 0.73 (95%) 0.72 (94%) 1.01 
T3 0.77 (100%) 0.79 (101%) 0.97 
M2 
T1 0.46 0.47 0.98 
T2 0.66 0.65 1.01 
T3 0.71 0.66 1.16 
M3 
T1 0.47 0.48 0.98 
T2 0.60 0.59 1.02 
T3 0.61 0.59 1.03 
M4 
T1 0.46 0.48 0.96 
T2 0.57 0.54 1.06 
T3 0.58 0.54 1.07 
Mean Bias = 1.00, C.O.V. = 0.049 
 
3.4 Compartment Box Girder 
A series of compartment level box girder analyses were 
undertaken using a complete FEM model. The box has 7 
bays within the compartment, and additional single bays at 
each end to minimise boundary effects. The bulkheads are 
modelled with very large thickness to keep the compartment 
ends straight. The box is fixed at one end and free to rotate 
and translate at the other. Bending moment is applied by 
rotation control about a reference point tied by rigid body 
constraints to all nodes at the free end. Geometric and 
material imperfections are applied over the entire box using 
methods and amplitudes consistent with the panels 
discussed in the previous section. A 50mm element length is 
used to mesh the geometry.  
The results are compared to the interframe and extended 
progressive collapse methodologies. The ultimate strength 
results are summarised in Table 5.  The results reflect 
similar characteristics to the panel strength results presented 
previously. If the transverse stiffening is lightened or the 
longitudinal stiffening is made stockier, the influence of the 
overall collapse mode is increased. This assessment is 
shown graphically with some example results presented in 
Figs. 9-12.  
Fig. 9 shows example progressive collapse curves for box 
girder M1 with two different transverse frame 
configurations. Plots of the FEM mesh at the ultimate 
strength point of the analysis are shown in Fig. 10. These 
show that the box collapses with an overall mode of failure 
in the top and side panels. Overall collapse occurs with both 
transverse frame sizes. As would be expected, the more 
lightly stiffened girder (T1) shows an increased influence of 
gross panel buckling between bulkheads and thus suffers a 
more severe degradation in strength as compared to the 
interframe result.  
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Fig. 9. Progressive collapse under vertical bending – M1 
 
Fig. 10. Ultimate strength plots of box girder M1with 
frames T1 (left) and T2 (right), magnification x3 
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Fig. 11. Progressive collapse under vertical bending – M3 
 
   
Fig. 12. Ultimate strength plots of box girder M1with 
frames T1 (left) and T2 (right), magnification x3 
Figs. 11 and 12 show load shortening curves and FEM 
ultimate strength plots for box girder M3. This girder uses 
thinner plate, thus the longitudinal cross section is “lighter” 
than girder M1. The results show a degradation of strength 
in the lighter framed girder (T1), although the reduction is 
less than the equivalent result for girder M1. With the 
360x10mm frames (T2), the box collapses interframe. This 
demonstrates that the influence of overall collapse is 
dictated by the longitudinal structure as well as the absolute 
sizing of the transverses.  
The comparative ultimate strength results presented in Table 
5 show close agreement. This demonstrates the applicability 
of the extended progressive collapse method in firstly 
predicting the onset of overall collapse in stiffened panels 
making up a longitudinally stiffened structure, and secondly 
predicting the subsequent effect on the overall progressive 
collapse characteristics of the structure under primary 
bending.  
Table 5. Box Girder Ultimate Strength Results 
ID 
Frame 
Size 
Abaqus 
(MNm) 
PColl 
(MNm) 
Bias 
M1 
Inter - 279.1  
T1 158.7 170.7 0.93 
T2 253.8 248.2 1.02 
M2 
Inter - 191.0  
T1 134.1 139.7 0.96 
T2 ?? 191.0 ?? 
M3 
Inter - 148.8  
T1 115.2 118.8 0.97 
T2 144.9 148.8 0.97 
M4 
Inter - 130.0  
T1 99.9 104.4 0.96 
T2 121.7 130.0 0.94 
Mean Bias = 0.96, C.O.V. = 0.03 
 
4.0 CONCLUSIONS 
This study presents the application of an extended 
progressive collapse method to predict the primary bending 
response of a lightly framed ship structure. The method 
utilises a semi analytical orthotropic plate method to predict 
overall panel response and derive compartment level load 
shortening curves, which are then used in a progressive 
collapse calculations. Thus the extended method enables the 
assessment of compartment level response to primary 
bending.  
This paper has used a relatively simple box girder structure 
to highlight the applicability of the proposed methods. The 
simplified approach has compared well to equivalent 
nonlinear finite element analyses.  
Further work has been identified including: 
• Investigating the suitability of the present method 
to predict biaxial bending moment response with 
overall collapse modes 
• Investigating the effects of different unsupported 
deck widths and lengths 
• Investigating the effects of transverse loads, such 
as may be caused by prying moment in a catamaran 
• Applying the methods to realistic ship structures 
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